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and I-F systems (Extended Data Fig. 3 ) [8] [9] [10] [11] with the exception of a large mass of additional 48 density attributable to TniQ (see below). Maximum likelihood classification methods implemented 49 in Relion3 [12] allowed us to identify significant dynamics in the entire complex, which appears to 50 4 "breathe", widening and narrowing the distance between the two protuberances (Extended Data 51 Fig. 1d and Supplementary Movie 1). The large subunit encoded by a natural Cas8-Cas5 52 fusion protein (hereafter referred to simply as Cas8) forms one protuberance and recognizes the 53 5' end of the crRNA via base-and backbone-specific contacts ( Extended Data Fig. 4 , 5a-54 c, 6a), akin to the canonical roles played by Cas8 and Cas5 ( Extended Data Fig. 3 ). Cas8 55 exhibits two primary subdomains formed mainly by α-helices, along with a third domain of ap-56 proximately 100 residues (residues 277 to 385) that is predicted to form three α-helices but could 57 not be built in our maps due to its intrinsic flexibility ( Fig. 1c ). However, low-pass filtered maps 58 revealed that this flexible domain connects with the TniQ protuberance at the opposite end of the 59 crescent-shaped complex (Extended Data Fig. 2e ). Additionally, there seemed to be a loose 60 coupling between the Cas8 flexible domain and overall "breathing" of the complex, as stronger 61 density for that domain could be observed in the closed state (Extended Data Fig. 1d and 62 Supplementary Movie 1). Six Cas7 subunits protect much of the crRNA by forming a helical 63 filament along its length ( Fig. 1b and d) , similar to other Type I Cascade complexes (Extended 64 Data Fig. 3 [8 -11] . A "finger" motif in Cas7 clamps the crRNA in regular intervals, causing 65 every sixth nucleotide (nt) of the 32-nt spacer to flip out while leaving the flanking nucleotides 66 available for DNA recognition (Extended Data Fig. 4f ). These bases are pre-ordered in short 67 helical segments, with a conserved phenylalanine stacking below the first base of every segment.
68
Cas7.1, the monomer furthest away from Cas8, interacts with Cas6 (also known as Csy4), which 69 is the ribonuclease responsible for processing of the precursor RNA transcript derived from the 70 5 CRISPR locus. The Cas6-Cas7.1 interaction is mediated by a β-sheet formed by the contribution 71 of a β-strands from Cas6 and the two β-strands that form the "finger" of Cas7.1 (Extended Data 72 Fig. 5f ). Cas6 also forms extensive interactions with the conserved stem-loop in the repeat-derived 73 3' crRNA handle ( Fig. 1 and Extended Data Fig. 5d and e), with an arginine-rich α-helix 74 (residues 110 to 128) docked in the major groove, positioning multiple basic residues within interac-75 tion distance of the negatively charged RNA backbone. The interaction established between Cas6 76 and Cas7.1 forms a continuous surface where TniQ is docked, forming the other protuberance of 77 the crescent. The intrinsic flexibility of the complex rendered lower local resolutions in this area 78 of the maps, which we overcame using local alignments masking the area comprising TniQ, Cas6,
79
Cas7.1 and the crRNA handle (Extended Data Fig. 7) . The enhanced maps allowed for de novo 80 modeling and refinement of TniQ, for which no previous structure or homology model has been re-81 ported (Fig. 2) . Notably, TniQ binds to Cascade as a dimer with head-to-tail configuration ( Fig.   82 2), a surprising result given the expectation that EcoTnsD functions as a monomer during Tn7 of variable length and is predicted to contain two tandem zinc finger motifs, though this region 91 was poorly defined in the maps (Fig. 2) . Overall, the double domain composition of TniQ results 92 in an elongated structure, bent at the junction of the HTH and the TniQ-domain (Fig. 2) . The
93
HTH domain of one monomer engages the TniQ-domain of the other monomer via interactions be-94 tween α-helix 3 (H3) and α-helix 11 (H11), respectively, in a tight protein-protein interaction ( Fig.   95 2c). This reciprocal interaction is complemented by multiple interactions established between the 96 TniQ-domains from both monomers (up to 45 non-covalent interactions as reported by PISA [16] ).
97
Tethering of the TniQ dimer to Cascade is accomplished by specific interactions established with 98 both Cas6 and Cas7.1 (Fig. 3) . One monomer of TniQ interacts with Cas6 via its C-terminal 99 TniQ-domain, while the other TniQ monomer contacts Cas7.1 through its N-terminal HTH domain 100 ( Fig. 2b, 3) . The loop connecting alpha-helices H6 and H7 of the TniQ-domain of the first TniQ 101 monomer is inserted in a hydrophobic cavity formed at the interface of two α-helices of Cas6 ( Fig.   102 3b, d). The TniQ histidine residue 265 is involved in rearranging the hydrophobic loop connecting 103 H6 and H7 ( Fig. 3d) , which is inserted in the hydrophobic pocket of Cas6 formed by residues 104 L20, Y74, M78, Y83 and F84. The HTH domain of the other TniQ monomer interacts with Cas7.1 105 through a network of interactions established mainly by α-helix H2 and the linker connecting H2 106 and H3 ( Fig. 3c, e ). Thus, both the HTH domain and the TniQ-domain exert dual roles to drive 107 TniQ dimerization and dock onto Cascade. In order to explore the structural determinants of DNA 108 recognition by the TniQ-Cascade complex, we determined the structure of the complex bound to 109 a double-stranded DNA (dsDNA) substrate containing the 32-bp target sequence, 5'-CC-3' PAM, 110 7 and 20-bp of flanking dsDNA on both ends ( Fig. 4 and Extended Data Fig. 9 ). Density for 28 111 nucleotides of the target strand (TS) and 8 nucleotides for the non-target strand (NTS) could be 112 confidently assigned in the reconstructed maps ( Fig.4c ). As with previous I-F Cascade structures,
113
Cas8 recognizes the double-stranded PAM within the minor groove (Extended Data Fig. 10 [10] ), 114 and an arginine residue (R246) establishes a stacking interaction with a guanine nucleotide on the selection was refined against a 3D volume obtained by SGD with the F20 data. This "consensus" 202 volume was inspected to localize areas of heterogeneity which were clearly identified at both ends 203 of the crescent shape characteristic of this complex. Both ends were then individually masked using 204 soft masks of around 20 pixels that were subsequently used in classification jobs without alignments 205 in Relion3. The T parameter used for this classification job was 6 and the total number of classes 206 was 10. This strategy allowed us to identify two main population of particles which correspond to 207 an "open" and "closed" state of the complex. Particles from both subgroups were separately re-208 extracted to obtain unbinned datasets for further refinement. New features implemented in Relion3, 209 namely Bayesian polishing and ctf parameters refinement, allowed the extension of the resolution 210 to 3.4, 3.5 and 2.9Å for the two apo and the DNA-bound complexes, respectively. Post processing 211 was performed with a soft-mask of 5 pixels being the B-factor estimated automatically in Relion3 212 following standard practice. A final set of local refinements was performed with the masks used 213 for classification. The locally aligned maps exhibit very good quality for the ends of the C-shape.
214
These maps were used for de novo modeling and initial model refinement.
215
Model building and refinement.
216
For the Cas7 and Cas6 monomers, the E. coli homologs (PDB accession code 4TVX) were initially 217 docked with Chimera [22] and transformed to poly-alanine models. Substantial rearrangement 218 of the finger region of Cas7 monomers, as well as other secondary structure elements of Cas6, 219 were performed manually in COOT [23] before amino acid substitution of the poly-alanine model.
220
Well-defined bulky side chains of aromatic residues allowed a confident assignment of the register.
221
The crRNA was also well defined in the maps and was traced de novo with COOT. For Cas8 222 and TniQ in particular, no structural similarity was found in the published structures able to 223 13 explain our densities. Locally refined maps using soft masks at both ends of the crescent-shaped 224 complex rendered well-defined maps below 3.5Å resolution. These maps were used for manual de 225 novo tracing of a poly-alanine model in COOT that was subsequently mutated to the V. cholerae 226 sequences. Bulky side chains for aromatic residues showed excellent density and were used as 227 landmarks to adjust the register of the sequence. For refinement, an initial step of real space 228 refinement against the cryo-EM maps was performed with the phenix real space refinement tool of 
